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Key points: 
 Distributed measurements of sub-canopy meteorological conditions co-registered to snow 
distribution and canopy structure information are obtained 
 These datasets allow assessment of model performance at the level of individual energy 
balance components in a spatially explicit manner 
 Snowmelt dynamics in discontinuous forests can be better reproduced when accounting for 
detailed irradiance patterns 
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Abstract 1 
The complex dynamics of snow accumulation and melt processes under forest canopy entail major 2 
observational and modelling challenges, as they vary strongly in space and time. In this study, we 3 
present novel datasets acquired with mobile multi-sensor platforms in sub-alpine and boreal forest 4 
stands. These datasets include spatially and temporally resolved measurements of short- and 5 
longwave irradiance, air and snow surface temperatures, wind speed and snow depth, co-registered 6 
to canopy structure information. We then apply the energy balance snow model FSM2 to obtain 7 
concurrent, distributed simulations of the forest snowpack at high resolution (2m). Our datasets 8 
allow us to assess the performance of alternative canopy representation strategies within FSM2 at 9 
the level of individual snow energy balance components and in a spatially explicit manner. We 10 
demonstrate the benefit of accounting for detailed spatial patterns of short- and longwave radiation 11 
transfer through the canopy, and show the importance of describing wind attenuation by the canopy 12 
using stand-scale metrics. With the proposed canopy representation, snowmelt dynamics in 13 
discontinuous forest stands were successfully reproduced. Hyper-resolution simulations resolving 14 
these effects provide an optimal basis for assessing the snow-hydrological impacts of forest 15 
disturbances, and for validating and improving the representation of forest snow processes in land 16 
surface models intended for coarser-scale applications.  17 
1. Introduction  18 
The evolution of the sub-canopy snowpack exerts key controls on streamflow timing and 19 
magnitude in forested watersheds (Lundquist and Dettinger 2005, Sun et al. 2018), on the effective 20 
wintertime surface albedo of forested landscapes (Betts and Ball 1997, Loranty et al. 2014), and 21 
on biophysical processes at the forest floor (Bales et al. 2011, Liptzin and Seastedt 2009, Molotch 22 
et al. 2009). Accurate representation of snowpack evolution is therefore important in hydrological 23 
and land surface models, yet many such models exhibit shortcomings in simulating the complex 24 
interactions between the forest and snow (Essery et al. 2009, Rutter et al. 2009). Challenges in 25 
these models arise due to the forest canopy altering every mass and energy flux to the sub-canopy 26 
snowpack, with processes strongly controlled by the three-dimensional canopy structure (Varhola 27 
et al. 2010). Canopy-snow interactions include shading of the snow surface from solar radiation 28 
(Hardy et al. 2004, Malle et al. 2019), enhancement of longwave radiation (Pomeroy et al. 2009, 29 
Sicart et al. 2006), wind attenuation (Mahat et al. 2013, Roth and Nolin 2017) interception of 30 
snowfall (Hedstrom and Pomeroy 1998, Moeser et al. 2015, Roth and Nolin 2019) and subsequent 31 
unloading or sublimation of canopy snow (Mahat and Tarboton 2014, Pomeroy et al. 1998). At the 32 
stand scale, these complex and interacting processes have been shown to either accelerate or delay 33 
snow disappearance relative to open areas, depending on regional climate (i.e. mean winter air 34 
temperature; Lundquist et al. 2013) and local topographic and meteorological conditions (i.e. 35 
aspect and precipitation; Strasser et al. 2011). 36 
Increased availability of forest snow distribution and coincident canopy structure data has 37 
shifted the focus of more recent research to within-stand snowpack heterogeneity shaped by small-38 
scale canopy structure features (Currier et al. 2019, Harpold et al. 2014b, Mazzotti et al. 2019a, 39 
Trujillo et al. 2009). Process variability induced by canopy gaps (Dickerson-Lange et al. 2015, 40 
Lawler and Link 2011, Mazzotti et al. 2019a, Musselman et al. 2015) and forest edges (Currier and 41 
Lundquist 2018) has been recognized to be particularly important in shaping forest snow 42 
distribution dynamics, and efforts have followed to integrate these canopy discontinuities in snow 43 
models intended for forested environments (Ellis et al. 2013, Sun et al. 2018). Recently, detailed 44 
canopy structure datasets have been leveraged to explicitly resolve canopy-snow interactions as a 45 
Confidential manuscript submitted to Water Resources Research 
 
    
3 
function of local canopy metrics in the spatially-distributed hyper-resolution (< 5 m) snow models 46 
SNOWPALM (Broxton et al. 2015) and FSM2 (Mazzotti et al. 2020). Such approaches are 47 
potentially powerful tools to predict the snow-hydrological response of forested basins affected by 48 
disturbances (Harpold et al. 2014a, Pugh and Small 2012, Stevens 2017, Winkler et al. 2014) and 49 
to inform sub-grid parametrizations and upscaling strategies in view of coarser-scale land-surface 50 
model applications (Clark et al. 2011a, Friesen et al. 2015). Yet, assessing these models’ 51 
performance requires spatially distributed validation data. 52 
Hyper-resolution models have so far mainly been assessed through comparison of snow 53 
depth distribution patterns, maintaining uncertainties in individual process representation. Broxton 54 
et al. (2015) and Mazzotti et al. (2020) demonstrated their models’ ability to replicate small-scale 55 
snow depth patterns within discontinuous stands using spatial snow depth distribution data obtained 56 
from airborne lidar and extensive manual surveys. However, Mazzotti et al. (2020) highlighted that 57 
model validation based exclusively on snow distribution data may mask error compensation 58 
mechanisms within the models. They argued that further evaluation should occur at the level of 59 
individual fluxes, which to date has not been possible due to a general lack of suitable experimental 60 
data. Studies targeting specific canopy-snow interactions have observed and quantified the 61 
dependence of individual fluxes and processes on small-scale canopy structure, e.g. for radiative 62 
transfer (Sicart 2004) or interception (Moeser et al. 2015), however resulting process models have 63 
usually been tested on process specific data only. Integation of these process models into a full 64 
snow energy balance model and subsequent investigation of interactions between processes and of 65 
their impact on snowpack evolution has been attempted only rarely (Moeser et al. 2016, Musselman 66 
et al. 2015).   67 
This study furthers the work of Mazzotti et al. (2020) by addressing two major research 68 
needs identified in their conclusion. First, we attempt to overcome the limitations of existing model 69 
evaluation efforts by validating our hyper-resolution FSM2 simulations of the forest snowpack 70 
evolution with novel datasets acquired with mobile multi-sensor platforms. These datasets are 71 
comprised of spatially and temporally resolved measurements of sub-canopy incoming short- and 72 
longwave radiation, air temperature, wind speed, snow surface temperature and snow depth. They 73 
thus allow us to evaluate the capability of a state-of-the art forest snow model to capture spatio-74 
temporal variations in individual energy balance components, as well as their interactions. Second, 75 
we present an enhanced version of FSM2 that accounts for the directionality of solar irradiance by 76 
integrating a time-varying transmissivity for direct shortwave radiation. This model upgrade 77 
specifically targets application across forest discontinuities, where the performance of the original 78 
FSM2 version is expected to be insufficient (Mazzotti et al. 2020). Our four specific objectives are:  79 
1. To present multi-dimensional datasets from enhanced observational systems for improved 80 
model evaluation. 81 
2. To revisit the model performance of FSM2, assessing whether spatial patterns of the 82 
observed meteorological and snow variables are accurately reproduced.  83 
3. To propose model upgrades that address known shortcomings of the canopy 84 
representation in FSM2; this particularly includes implementing the directionality of solar 85 
radiation.  86 
4. To assess the impact of these model enhancements on simulated spatial patterns of sub-87 
canopy meteorological and snow variables especially at forest discontinuities. 88 
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By comparing simulated sub-canopy meteorological conditions to observations, we 89 
specifically target the evaluation of the canopy module in FSM2, that is, the way in which driving 90 
meteorology (‘above-canopy’ conditions) is internally altered as function of canopy structure, 91 
yielding the sub-canopy atmospheric boundary conditions for energy exchange at the snow 92 
surface. Additional consideration of snow surface temperature and snow depth distributions will 93 
also allow us to verify that coupling of the canopy and snow modules is successfully 94 
implemented. With our focus on sub-canopy snow energy balance components, mass balance 95 
processes and canopy snow are not explicitly addressed in this study. 96 
2. Data framework  97 
2.1  Study areas and time frame 98 
 99 
Figure 1: Overview of study areas within Switzerland (CH) and Finland (FIN), maps not to scale (a), 100 
photographs of dominant forest type and aerial image of the areas Sodankylä (b), Laret (c) and Flin (d), 101 
including locations of gridded plots (yellow), cable car transects (red), portable meteorological stations 102 
(blue), and photographs of instrumentation (e) including handheld gimbal with hemispherical camera, cable 103 
car platform and portable meteorological station.   104 
Data were collected in sub-alpine and boreal forest stands in three study areas located in 105 
the Grisons region, South-Eastern Switzerland, and in the Sodankylä municipality, Northern 106 
Finland (Figure 1). For reference, Table 1 lists field survey details specific to each study area. The 107 
areas span varying climatic conditions and forest types, with a focus on conifer species. In 108 
Switzerland, the field sites in the area near Davos Laret have hosted numerous forest snow research 109 
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projects, as documented in Malle et al. (2019), Mazzotti et al. (2019b), Moeser et al. (2014), Moeser 110 
et al. (2015), Webster and Jonas (2018) and Webster et al. (2016b). The forest in Laret primarily 111 
consists of Norway spruce, including both new and old growth (up to 45m tall trees). Other sites 112 
in the area are located within a Scots pine stand with trees max. 25m in height. The field sites in 113 
the Flin area, Engadine valley, feature sparse mixed conifer stands further containing European 114 
larch and Silver fir, with tree heights between 10 and 45m. In Sodankylä, measurements were 115 
carried out in a discontinuous Scots pine stand (20m max. tree height) within the Finnish 116 
Meteorological Institute Arctic Research Centre boundaries, which, like the Laret area, has also 117 
hosted earlier experimental forest snow studies (Hancock et al. 2014, Reid et al. 2014). Data 118 
acquisition largely occurred during winter 2019, with the exception of wind data collection (c.f. 119 
Section 2.3) starting in 2018. Fieldwork in Switzerland was conducted from January 2019 until the 120 
beginning of April, with only snow measurements being continued through May. The measurement 121 
campaign in Sodankylä took place between mid-April and early May 2019.  122 
At all study areas, meteorological data and co-located snow depth measurements at open 123 
sites are available from operational automatic weather stations (AWS) in the vicinity of our field 124 
sites. At Laret, an AWS operated by the WSL Institute for Snow and Avalanche Research SLF was 125 
installed in summer 2018. At Sodankylä, an AWS is operated by the Finnish Meteorological 126 
Institute (c.f. Essery et al., 2016). For Flin, we used data from a SwissMetNet station located in 127 
Samedan, which is located 15 km south-west of the area. All AWS provided data of incoming 128 
short- and longwave radiation, precipitation, air temperature, relative humidity, wind speed and 129 
surface pressure at 10-min resolution.  130 
Table 1: Overview of field site characteristics and datasets specific to each study area. 131 
Study area specifications Laret Flin  Sodankylä 
Dominant species Norway spruce European larch Scots pine 
Latitude / longitude 46°50’N/ 9°52’E 46°37’N/ 10°00’E 67°22’N / 26°38’E 
Altitude  1520 m a.s.l. 1660 m a.s.l. 180 m a.s.l. 
 
Field sites 
5 gimbal grids 
3 cable car transects 
24 station locations 
0 grids 
2 cable car transects 
0 station locations 
6 grids 
2 cable car transects 
4 station locations 
Study period Jan – May 2019 Feb - March 2019 April 2019 
Manual snow surveys at grids  18 Dates    - 2 dates 
Lidar platform 
Year of acquisition 
helicopter-borne 
2010 
airborne 
2017 
terrestrial 
2019 
Lidar scanner Riegl LMS-Q560 Riegl LMS Q-1560 Riegl VZ-1000 
AWS SLF LAR SwissMetNet SAM FMI-ARC 
2.2 Sub-canopy measurements 132 
Three complementary sensor platforms used to capture the spatio-temporal dynamics of 133 
under-canopy snow energy balance components are the core of this study’s observational strategy 134 
(Figure 1). They include 1) a cable car system for measurements along transects, 2) a gimbal-135 
stabilized handheld setup for measurements distributed in two dimensions, and 3) portable 136 
meteorological stations for stationary measurements. These platforms were not specifically 137 
designed for this study, but were substantially upgraded in view of this work. Table 2 presents a 138 
compilation of sensor specifications for each platform.  139 
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The cable car setup (Figure 1) originally presented by Malle et al. (2019) was deployed to 140 
monitor spatio-temporal variations of the measured quantities along fixed transects. The automated 141 
motion of the cable car along a steel cable allowed for continuous measurements throughout daily 142 
cycles, with each location along the transect revisited every 15 min on average. In addition to the 143 
radiometers used by Malle et al. (2019), the platform was equipped with air and snow surface 144 
temperature sensors for the purpose of this study. Full-day (~24 h) surveys under clear-sky 145 
conditions were conducted on seven transects in total (Figure 1), three in Laret (18 February, 16 146 
and 21 March), two in Flin (15 February and 19 March) and two in Sodankylä (22 and 26 April). 147 
The handheld setup (Figure 1), first described by Mazzotti et al. (2019b), was used to 148 
increase the spatial extent of the observations from the single transect of the cable car to a gridded 149 
sampling design. This setup yielded temporal snapshots of quasi-2D spatial patterns of the relevant 150 
meteorological variables, with each grid survey taking approx. 40 min to complete. The original 151 
setup included a pair of short- and longwave radiometers mounted on a motorized camera gimbal. 152 
Additional air and snow surface temperature sensors were included to the system used in this study. 153 
We followed the sampling strategy outlined in Mazzotti et al. (2019b), with plots consisting of 40 154 
m x 40 m grids defined by eight intersecting transects. Five grids were established at Laret, with 155 
locations chosen to represent characteristic features of the forest stand:  South- and north-exposed 156 
forest edges, and within-stand locations with varying canopy and gap structure comprising both 157 
old and new growth (Figure 1). At each grid, meteorological surveys were repeated five times on 158 
average throughout the snow season. In Sodankylä, we defined six adjacent grids to encompass a 159 
large and two smaller gaps in a 120 m x 80 m area (Figure 1). All plots were surveyed between 160 
four and ten times within the duration of the field campaign, capturing both clear-sky and overcast 161 
conditions at all sites.  162 
The portable meteorological stations (Figure 1) correspond to the stationary setup used by 163 
Mazzotti et al. (2019b), with the addition of an ultrasonic wind sensor. Besides providing open site 164 
reference data of all meteorological variables, two additional stations deployed at within-stand 165 
locations served to obtain within-canopy wind speed data at 2 m above the surface, which is 166 
unfeasible with moving platforms. Being easy to transport and quick to set up, these stations were 167 
repeatedly moved over the course of the seasons to sample diverse positions in the forest stands. 168 
With this approach, wind data was acquired at 20 locations at Laret and four at Sodankylä, for 169 
measurement periods ranging from a few days to multiple weeks. Sensor height was periodically 170 
adjusted during these periods to ensure a consistent measurement height above the snow surface.  171 
In addition to the meteorological observations, manual snow depth surveys were 172 
performed at the grid plots, with two-dimensional snow distribution patterns being of primary 173 
interest. Snow depth readings were recorded every two meters along the transects. At the five Laret 174 
plots, weekly surveys between January and May generated spatial datasets comprising 18 days with 175 
~500 snow depth measurements each. During the Sodankylä campaign, we carried out two surveys, 176 
capturing partial melt-out with >1150 data points per survey. 177 
Table 2: Overview of the instrumentation deployed on each of the sensor platforms 178 
Sensor platform  Cable car Gimbal setup Portable stations 
Spatial coverage ~ 50m transects 40 m x 40 m grids single point 
 
Temporal coverage 
1-day campaigns 
15min per transect 
1 s resolution 
temporal snapshots 
40min per survey 
1 s resolution 
multi-day campaigns continuous 
record 
10 min resolution 
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Number of sites 2 (FIN) + 5 (CH) 6 (FIN) + 5 (CH) 4 (FIN) + 20 (CH) 
HP images ~ 50 per transect ~ 250 per grid 1 per site 
Datalogger  Campbell Scientific CR1000 
ISWR sensor  Kipp&Zonen CMP3 pyranometer 
ILWR sensor  Kipp&Zonen CGR3 pyrgeometer 
Ta sensor PT1000 thermistor Vaisala HMP60 probe 
Wind sensor - GILL Windsonic anemometer 
Tss sensor  Campbell Scientific IR 100 
Camera,  
fisheye lens  
Sony NEX-6, Yasuhara 
Madoka 7.3 mm F4 180° 
Canon EOS 600D, 
SIGMA 4.5mm F2.8 EX DC 180° 
2.3 Canopy structure data 179 
Hemispherical images were acquired at all locations of the sub-canopy measurements 180 
described in Section 2.3. Along the transects, efficient image acquisition was achieved by mounting 181 
the camera onto either the cable car platform or the gimbal, operating the camera in time-lapse 182 
mode. This yielded hemispherical images at approximately 1.5 m spacing, i.e. ~3000 images in 183 
total. Optimal image quality was ensured with the camera settings and ambient conditions 184 
recommended by Jonas et al. (2020). The images were then analyzed with the radiative transfer 185 
model (RTM) HPEval (Jonas et al. 2020) to obtain 1) sky-view fraction (Vf), based on Essery et 186 
al. (2008b), and 2) time series of canopy transmissivity for direct shortwave radiation (τdir) at high 187 
temporal resolution. To compute the latter, the solar disk is projected onto the hemispherical image 188 
based on its position at any time of interest. Transmissivity is then given by the fraction of the solar 189 
disk which is not obscured by canopy at that point in time (Figure 2; Jonas et al., 2020). While 190 
other approaches to compute radiative transfer properties from hemispherical images exist and have 191 
been applied in the context of point-scale snow modelling (Frazer et al. 1999, Hardy et al. 2004, 192 
Musselman et al. 2012, Reid et al. 2014), we chose HPEval due to its ability to capture a higher 193 
level of detail than previous methods, its proven high accuracy, and its computational efficiency in 194 
processing a large number of images (Jonas et al. 2020).  195 
Canopy height models (CHM) derived from lidar data complemented the point-based 196 
information contained in hemispherical images. At Laret, lidar data is available from helicopter 197 
flights in 2010 and has been leveraged for previous research conducted within the study area (c.f. 198 
Section 2.1). The sites at Flin are within the perimeter of the airborne acquisitions from 2017 199 
presented by Mazzotti et al. (2019a). Terrestrial laser scans of the Sodankylä forest stands were 200 
conducted during our campaign. At each hemispherical image location, we extracted further 201 
canopy structure metrics from the CHM, including canopy cover fraction (CC) and mean canopy 202 
height (mCH). These metrics were computed over 5-m and 50-m circular fetches (CC5, mCH50, 203 
CC50 and mCH50) as outlined by Mazzotti et al. (2020), to characterize local and stand-scale canopy 204 
structure around each point. Local leaf area index (LAI) was parametrized based on CC5 and mCH5 205 
as in Mazzotti et al. (2020). As in their study, we used a LAImax of 6 in the spruce stand at Laret, 206 
and assumed LAImax of 5 at Flin and of 4 at Sodankylä, to account for canopy density differences 207 
between tree species. 208 
2.4 Data integration 209 
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 210 
Figure 2: Overview of the data integration and model evaluation strategy applied in this study. The datasets 211 
include canopy structure information, meteorological data and snow measurements. Canopy structure data 212 
were processed to obtain the canopy properties required by FSM2; AWS data were used to drive two 213 
versions of FSM2 differing in the canopy representation. Model output is evaluated against sub-canopy 214 
observations of both snow and meteorological variables, the subscript ‘c’ denoting canopy air space 215 
variables. 216 
Data from both the cable car and the gimbal platforms provided quasi-continuous 217 
measurements along pre-defined transects, while the hemispherical images and the snow depth 218 
readings represent information at static locations. Subsequent data processing steps aimed at 219 
creating a consistent point-based dataset. To this end, a geo-location and a timestamp had to be 220 
attributed to every meteorological and snow measurement to allow co-registration with canopy 221 
structure information. This data integration approach is illustrated in Figure 2.  222 
Exact geo-referencing of the transects was facilitated by UAV ortho-imagery acquired at 223 
the sites, with clearly visible trajectories of both the cable car (i.e. the wire) and the gridded plots 224 
(i.e. our tracks). Continuous meteorological data from the mobile platforms were converted to point 225 
information at fixed locations following Mazzotti et al. (2019b) and Malle et al. (2019). As the 226 
instruments move along the transects, data acquired within a specific time interval correspond to a 227 
transect section, depending on the instruments’ velocity. Data were aggregated in accordance with 228 
the response time of the meteorological sensors (18 s), yielding independent measurements every 229 
1.5 – 2 m along the transects. These point-based meteorological data could then be co-registered 230 
with the snow depth data, hemispherical images and CHM. 231 
3. Modelling framework 232 
3.1 Overview of FSM2 and modelling strategy  233 
The Flexible Snow Model (FSM2; Mazzotti et al., 2020) provides the framework for this 234 
study. FSM2 is a stand-alone, open-source, physics-based multi-model framework that adds a 235 
canopy implementation to the snow model FSM (Essery, 2015), making it suitable for snowpack 236 
simulations within forests stands. The snowpack in FSM2 is represented with medium complexity, 237 
making it a suitable model for snow-hydrological applications that do not require detailed 238 
simulation of snowpack stratigraphy (Magnusson et al. 2015). Forest snow simulations with FSM2 239 
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are driven by meteorological data from an open-site AWS, and the model includes the major 240 
canopy-induced processes affecting sub-canopy meteorological conditions (radiative transfer, wind 241 
attenuation, canopy snow interception and depletion). Energy input to the snowpack as well as 242 
temperatures of the vegetation, the snow surface, and the air within the canopy (the ‘canopy air 243 
space’) are computed by solving the coupled surface energy balance equations of the sub-canopy 244 
snowpack and the canopy layer (Figure 2). For a detailed description of the FSM2 canopy module, 245 
we refer to Mazzotti et al. (2020), while details on the snow module are given by Essery (2015). 246 
The model application and evaluation strategy is illustrated in Figure 2. We ran seasonal 247 
snowpack simulations at all our field sites, applying two different versions of FSM2 outlined in the 248 
following sections. Distributed simulations were performed over each surveyed location within the 249 
grid plots and along the cable car transects (~3000 points in total). Point simulations are principally 250 
independent, that is, lateral energy exchange between neighbouring points is neglected. Yet, lateral 251 
canopy influences are accounted for by way of the canopy structure representation detailed in 252 
Sections 3.2 and 3.3, which ensures that conditions seen at each location are affected by processes 253 
in both surrounding and overhead canopy elements. While simulations of all points within each 254 
study area were driven by meteorological data from the same AWS, canopy structure parameters 255 
were point-specific. 256 
Foregoing open-site model runs at the locations of the AWS at Sodankylä and Laret served 257 
to verify model performance in simulating the snowpack evolution independent of the canopy 258 
structure representation. These simulations further helped to determine undercatch correction 259 
factors for solid precipitation as in Mazzotti et al. (2020), which were then inherited to the forest 260 
site simulations.   261 
3.2 FSM2 for hyper-resolution applications 262 
Mazzotti et al. (2020) established a version of FSM2 particularly optimized for hyper-263 
resolution simulations, referred to as ‘FSM2-D’ in their article. This version constitutes the baseline 264 
model for this study and is hereafter termed ‘original FSM2’. Two distinct features that make this 265 
model particularly suitable for hyper-resolution applications are 1) separate effective temperatures 266 
of near and distant canopy elements and 2) the conceptual representation of preferential deposition 267 
of snow in canopy gaps. For the purpose of this work, simulated sub-canopy incoming short- and 268 
longwave radiation, canopy air space and snow surface temperatures were added to the model 269 
output variables to allow direct comparison to observations.  270 
To capture fine-scale variability of canopy-induced processes, FSM2 requires local 271 
canopy structure metrics obtained from detailed high-resolution datasets. Specifically, the canopy 272 
in the original FSM2 is characterized by sky-view fraction, fractional canopy cover, mean canopy 273 
height and leaf area index (LAI). All these parameters (Vf, CC5, mCH5 and LAI) were available at 274 
the modelled locations as described in Section 2.3. 275 
3.3 Model enhancements 276 
We propose model upgrades to the original FSM2 specifically targeting improved hyper-277 
resolution applications in complex canopy settings, the resulting new version of FSM2 is hereafter 278 
referred to as ‘enhanced FSM2’. Changes were made to the representation of 1) shortwave radiation 279 
transfer through the canopy; 2) wind attenuation and turbulent exchange; and 3) spatial variability 280 
of snow surface properties. These modifications were implemented as additional parametrization 281 
options for existing model switches (Essery et al. 2015), meaning they could each be applied 282 
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independently. These three model upgrades are described in the following, while respective 283 
equations are detailed in the Appendix.  284 
The original FSM2 assumes all shortwave radiation to be diffuse, which entails potential 285 
shortcomings at forest discontinuities where the directionality of solar radiation is relevant 286 
(Mazzotti et al. 2020). In the enhanced FSM2, incoming shortwave radiation is partitioned into 287 
direct and diffuse components and their transfer through the canopy is treated separately. 288 
Transmissivity of diffuse radiation is constant (equalling sky-view fraction), whereas 289 
transmissivity of direct radiation is determined by canopy structure in the path of the direct solar 290 
beam and therefore highly dynamic. While most models parametrize temporal variations in 291 
transmissivity for direct insolation as a function of solar angle and generalized canopy structure 292 
metrics (e.g. Nijssen and Lettenmaier 1999, Oleson et al. 2013), here we set up our enhanced FSM2 293 
to accept transmissivity time series as model input, which were available for all our modelled 294 
locations from hemispherical image analysis (Section 2.3). By doing so, we preserve a relatively 295 
simple formulation of radiative transfer that does not require additional canopy structure 296 
parameters to be specified within FSM2, but leverages detailed three-dimensional radiative transfer 297 
information obtained with an external RTM instead. 298 
Turbulent exchange in the original FSM2 is represented with a bulk aerodynamic scheme 299 
with exchange coefficients dictated by above-canopy meteorology and local canopy structure 300 
metrics (CC5, mCH5), and constrained by given values for open sites and dense canopies (Mazzotti 301 
et al. 2020, Zeng et al. 2005). In the enhanced FSM2, we explicitly include wind attenuation, 302 
assuming an exponential reduction of wind speed through the canopy and a logarithmic reduction 303 
below the canopy over the ground as in Mahat et al. (2013) and Andreadis et al. (2009). This 304 
representation means sub-canopy wind velocity can be diagnosed at any arbitrary reference level, 305 
allowing direct validation of the wind scheme with observed data. This further enables turbulent 306 
exchange between the snow surface and the canopy air space to be parametrized based on sub-307 
canopy wind velocity at a constant reference height. To reflect that the footprint affecting wind 308 
flow extends beyond the spatial scale of our local canopy structure metrics, the wind profile at any 309 
specific location is based on stand-scale metrics (CC50 and mCH50). 310 
Snow surface properties, particularly snow albedo, are treated equally for open and forest 311 
site simulations in the original FSM2. While this is consistent with many other existing models 312 
(Boone et al. 2017, Gouttevin et al. 2015, Broxton et al. 2015, Andreadis et al. 2009), differences 313 
between open and sub-canopy snow surface properties exist due to processes such as drip 314 
unloading, litterfall, and snow metamorphism (Melloh et al. 2001, Sturm 1992). We therefore 315 
introduce a simple albedo adjustment in the enhanced FSM2, where sub-canopy snow albedo is 316 
derived from open-site snow albedo, but varied in terms of local canopy cover fraction (to reflect 317 
litter effects) and radiative transfer properties (to reflect variable snow metamorphism rates). This 318 
approach allows us, in a conceptual way, to account for spatial variability of snow surface 319 
properties that is known to exist in heterogeneous forest stands (c.f. text S2 and Figures S1 and S2 320 
in the Supporting Information).  321 
Documented code of the enhanced version of FSM2 can be found on GitHub 322 
(https://github.com/GiuliaMazzotti/FSM2/tree/hyres_enhanced_canopy). 323 
4. Results  324 
4.1 Sub-canopy irradiance  325 
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Figure 3 shows the daily cycle of incoming short- and longwave radiation at one cable car 326 
transect in Flin recorded between 19 March 2019, 17:00 and 20 March, 19:00, and corresponding 327 
simulations obtained with the two versions of FSM2. In the original version of FSM2, variations 328 
in shortwave irradiance are solely dictated by spatial differences in sky-view fraction, and 329 
temporally by the solar daily cycle. In contrast, the enhanced FSM2 succeeded in capturing the 330 
complex patterns of incoming shortwave radiation at a very high level of detail, with individual 331 
sun flecks accurately reproduced. This result confirms the excellent performance of HPEval in 332 
replicating detailed irradiance patterns (Jonas et al. 2020), as well as the successful integration of 333 
time-varying direct transmissivity in FSM2. Both model versions captured spatial variations in 334 
longwave irradiance, with relative maxima coincident with sky-view fraction minima. Yet, 335 
longwave irradiance peaks were overestimated by the original FSM2, and only the enhanced FSM2 336 
captured weak imprints of the shortwave radiation signal that are visible in the longwave irradiance 337 
observations. Two examples of other transects are included in the Supporting Information (Text 338 
S2, Figures S3 and S4). 339 
Along the transect in Figure 3, differences between the two models were reduced when 340 
irradiance values were aggregated either in space or in time (bars right (time) and below (space) of 341 
the space-time plots), meaning that even the complex patterns in solar irradiance partly averaged 342 
out in space and throughout the course of a day at within-stand locations. However, in larger forest 343 
discontinuities, such as across the grid in Sodankylä, irradiance patterns measured close to solar 344 
noon showed increased insolation at the south-facing edge of the large gap relative to the shaded 345 
gap (Figure 4). This spatial variation was well reproduced by the enhanced FSM2 version. 346 
Additional surveys at different times of day confirmed the model’s good performance (Supporting 347 
Information, Figure S5). In absence of temporally continuous observations of irradiance patterns 348 
at the grid sites, simulations can be used to assess how these patterns evolve in time. Animations 349 
provided in the Supporting Information (Movies S1 and S2) show one daily cycle of short- and 350 
longwave irradiance patterns in late spring as simulated by both model versions. With the enhanced 351 
FSM2, shortwave radiation maxima moved along the south-exposed forest edge over the course of 352 
the day, while longwave radiation enhancement patterns remain relatively static. These patterns 353 
suggest cumulative differences in shortwave irradiance between the two model versions were likely 354 
considerable at forest discontinuities, while differences in longwave irradiance remained minor 355 
(see also Figure 4, lower row). Under overcast conditions, differences between the model versions 356 
were smaller due to prevalence of diffuse shortwave irradiance (supporting information, Text S2 357 
and Figure S6), in which case sky-view fraction is a good proxy of canopy transmissivity for 358 
shortwave radiation (Mazzotti et al, 2019, Sicart et al. 2004). 359 
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 360 
Figure 3: Spatio-temporal variability of data measured by the cable car on a transect in Flin on 19 to 20 361 
March 2019. Shortwave irradiance (1st row), longwave irradiance (2nd row), canopy air space temperature 362 
(3rd row) and snow surface temperature (4th row), simulated with the original (left) and the enhanced 363 
(center) FSM2 and observed by the cable car setup (right). The direct comparison between model results 364 
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and observations is achieved by extracting model output at each point based on the timestamp of the 365 
respective observation. Temporal and spatial averages are shown below and right of each plot, and sky-366 
view fraction along the transect is presented at the bottom for reference.  367 
 368 
Figure 4:  Spatial patterns of canopy shortwave radiation transmissivity (upper row) and longwave 369 
radiation enhancement (lower row) at the Sodankylä grid (120x80m) around solar noon in late spring, 370 
simulated with the original (left) and the enhanced (center) FSM2 and observed with the gimbal-borne setup 371 
(right). Measurements at the 6 sub-grids occurred between 22 and 28 April 2019 and are matched to model 372 
output at 10-min resolution. 373 
Sub-canopy irradiance output from the two models at all field sites demonstrated the 374 
improvement of the enhanced FSM2 compared to the original FSM2 (Figure 5). Data points 375 
represent varying aggregation levels, including temporal averages at individual locations along the 376 
cable car transects, as well as spatial averages at given points in time, computed over both, cable 377 
car transects and gridded plots. Root mean square errors (RMSE) reveal that both spatial and 378 
temporal average values of irradiance were often captured reasonably well by the original FSM2 379 
(shortwave: RMSE = 46 W/m2; longwave: RMSE = 8 W/ m2). Yet, the enhanced FSM2 380 
consistently outperformed the original version in capturing both average shortwave and longwave 381 
irradiances, with RMSE of 23 W/m2 and 4 W/m2, respectively. Considerable improvements were 382 
further achieved in representing spatial variability, which was predominantly misinterpreted by the 383 
original FSM2. RMSE of the standard deviation were reduced from 65 to 21 W/m2 and 6 to 2 W/m2 384 
for the shortwave and longwave irradiances, respectively. 385 
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 386 
 387 
Figure 5: Averages (columns 1 and 3) and standard deviations (columns 2 and 4) of sub-canopy short- 388 
(column 1 and 2) and longwave (columns 3 and 4) irradiance. Observations (x-axes) are plotted against 389 
model results (y-axes) obtained with the original (upper row) and enhanced (lower row) FSM2. Data points 390 
correspond to temporal averages at point locations (crosses), and spatial averages (dots) along the cable 391 
car transects and spatial averages over the grid plots (squares) at given points in time. Individual colors 392 
represent each study area. 393 
4.2 Air and snow surface temperatures 394 
The lower half of Figure 3 presents canopy air space and snow surface temperatures 395 
coincident to the irradiance data. Observed spatial variations in canopy air space temperature along 396 
the transect were minor and did not relate to local variability in canopy structure. Furthermore, 397 
temporal variations at the same transect corresponded to those observed at the open site over the 398 
course of the data collection period. While this spatio-temporal pattern was realistically reproduced 399 
by the enhanced FSM2, the original FSM2 strongly overestimated canopy air space temperature 400 
fluctuations in both space and time. Large overestimates were apparent in Figure 3, especially in 401 
the morning, and lead to large temperature gradients over small distances. Model artefacts were 402 
particularly evident at canopy discontinuities, as illustrated by the grid survey shown in Figure 6 403 
(upper row). In this example, observed air temperatures varied by less than 2°C within the site, but 404 
simulations by the original FSM2 produced a canopy air space temperature range greater than 6°C.  405 
Contrary to the canopy air space temperature, observed snow surface temperature patterns 406 
were closely linked to the spatio-temporal irradiance dynamics. In this particular example (Figure 407 
3), solar irradiance was the dominating radiation input, and snow surface temperature patterns 408 
reflect the transit of sun flecks across the transect. Due to its ability to capture detailed irradiance 409 
patterns, the enhanced FSM2 also succeeded in replicating corresponding imprints in the snow 410 
surface temperature signal, which the original FSM2 did not achieve. The complex snow surface 411 
temperature dynamics resulting from the interplay of short- and longwave radiation dynamics were 412 
therefore realistically reproduced. Alternatively, at a predominantly shaded transect where the 413 
primary source of irradiance was therefore longwave radiation, snow surface temperature patterns 414 
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matched those of longwave irradiance (Supporting Information, Figure S4). At the grid plot shown 415 
in Figure 6 (lower row), snow surface temperature observations reflected imprints of both short 416 
and longwave irradiance. These were accurately reproduced by the enhanced FSM2, while snow 417 
surface temperature simulated by the original FSM was comparatively uniform.  418 
 419 
Figure 6: Examples of spatial patterns of canopy air space temperature (upper row, acquired on 28 March 420 
2019, 10AM) and snow surface temperature (lower row, 6 February 2019, 8AM) at a within-stand grid in 421 
Laret. Simulation results obtained with the original (left) and the enhanced (center) FSM2 are shown 422 
alongside observations from the gimbal-borne setup (right).  423 
Model estimates of sub-canopy snow surface and air temperature from all our field sites 424 
are compiled in Figure 7, generally confirming the above findings. RMSE values were reduced by 425 
the enhanced FSM2, from 3.5 to 1.6°C and 1.3 to 0.6°C for mean canopy air space and snow surface 426 
temperature, respectively. Furthermore, the RMSE of the standard deviations of canopy air space 427 
and snow surface temperatures were reduced from 2.3 °C to 0.4 °C and 0.7 to 0.4 °C. The minor 428 
improvement in standard deviation of simulated snow surface temperature was largely due to one 429 
cable car transect in Flin which featured unusually frequent transitions between shadow-insolation 430 
boundaries. Possibly, the response time of the surface temperature sensor was not sufficient to fully 431 
capture the existing variability in this situation. 432 
Canopy air space and snow surface temperature are model state variables, meaning that 433 
they are not parametrized but result from solving the coupled energy balances of canopy and snow. 434 
By showing that the spatio-temporal dynamics of these variables were accurately captured by the 435 
enhanced FSM2, we infer that the interplay between radiative transfer and turbulent exchange was 436 
realistically reproduced. These results further provide evidence of a successful coupling of the 437 
suggested canopy representation with the FSM2 snow module.  438 
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 439 
Figure 7: Averages (columns 1 and 3) and standard deviations (columns 2 and 4) of canopy air space 440 
(column 1 and 2) and snow surface (columns 3 and 4) temperatures. Observations (x-axes) are plotted 441 
against model results (y-axes) obtained with the original (upper row) and the enhanced (lower row) FSM2. 442 
Data points correspond to temporal averages at point locations (crosses), and spatial averages (dots) along 443 
the cable car transects and spatial averages over the grid plots (squares) at given points in time. Individual 444 
colors represent each study area. 445 
4.3 Wind speed 446 
Observations of wind speed at 2m above the surface obtained with the portable stations, 447 
aggregated to 1-h time intervals are presented in Figure 8. Each data point relates a within-stand 448 
measurement with the concurrent open-site measurement. Consistently lower wind speeds in the 449 
forest stands imply that wind attenuation caused by the canopy was obvious at all locations, varying 450 
between approx. 0.2 and 0.7. A dependence on local canopy structure (visualized by the color scale 451 
in Figure 8) was not evident, nor was a systematic difference between attenuation observed at 452 
stands dominated by different species (left vs. center panel in Figure 8). Given the horizontal offset 453 
between the open site reference station and the within-stand stations, the large spread in attenuation 454 
factors observed at each location indicates that the interaction between local topography and wind 455 
fields may be the principal driver of wind attenuation, outweighing local canopy effects.  456 
Data recorded by the portable stations provide context for the attenuation factors simulated by 457 
FSM2 at the grid plots and cable car transects, allowing assessment of their plausibility even if a 458 
direct comparison was not possible (c.f. Table 1). The enhanced FSM2 correctly simulated only 459 
little difference in attenuation between dense (low Vf) and sparse (high Vf) locations within the 460 
same stand, and attenuation factors simulated at stands with varying tree species were of the same 461 
order of magnitude (Figure 8, right). Canopy attenuation implemented in the enhanced FSM2 thus 462 
appeared to be consistent with our general observational findings. In the original FSM2, wind 463 
attenuation by the canopy is treated implicitly (i.e. is no internal model state) and could therefore 464 
not be assessed with the data at hand. 465 
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 466 
 467 
Figure 8: Wind speed data obtained with the portable meteorological stations, comparing measurements 468 
at within-stand location to measurements at nearby open sites (50 data points per location shown). Within-469 
stand data are divided into spruce (left panel) and pine (center panel) and colored by sky-view fraction at 470 
the location of the station. Wind attenuation factors simulated by the enhanced FSM2 (right panel) are 471 
plotted for comparison, including maximum and minimum values for each cable car transect and grid plot.  472 
4.4 Snow distribution 473 
Comparing snow distribution dynamics observed at the grid plots to model simulations 474 
suggests that the importance of different processes varies in time and between different locations 475 
within a forest stand. Snow depth patterns at three different plots in Laret on 10 February 2019 476 
(accumulation season) demonstrate that both FSM2 versions yielded similar results and generally 477 
agreed well with observations at all sites (Figure 9 top panel). However, when considering a day 478 
during the ablation period (17 April, Figure 9 bottom panel), simulations obtained with the two 479 
FSM2 versions remained similar only at the within-stand plot, but diverged for plots located at the 480 
forest edge. Comparison of simulated and observed snow depths show the original FSM2 481 
accelerated snow depletion at the north-exposed edge, but attenuated snow depth along the south-482 
exposed edge. In contrast, the enhanced FSM2 succeeded in capturing spatial ablation dynamics: 483 
simulated snow depth patterns closely matched the field measurements, and even partial melt-out 484 
along the south-exposed forest edge was well reproduced. 485 
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Figure 9: Snow depth distribution at three grids in Laret (within-stand, south-exposed and north-exposed 487 
forest edges) on two campaign days during the accumulation and ablation period (10 February and 17 April 488 
2019, respectively). Simulation results from the original (left) and enhanced (center) FSM2 are shown 489 
alongside observations (right). The red stars mark the location of the hemispherical image shown next to 490 
each site. The yellow area in the images represents the solar tracks between 1 October and the respective 491 
campaign date.  492 
These results demonstrate in which localities and meteorological conditions it is relevant 493 
to account for direct solar irradiance. Early in the season, snow depth distributions carry the imprint 494 
of accumulation processes (e.g. preferential deposition in gaps and reduced accumulation under 495 
canopy due to interception). During this period, the cumulative discrepancies between the radiative 496 
transfer schemes implemented in the two FSM2 versions were too small to create strongly 497 
diverging snow distribution patterns. However, differences between the models accumulated over 498 
the course of snow accumulation and into the ablation period. This effect is visualized by the 499 
hemispherical images shown alongside each site in Figure 9, which include the daily solar tracks 500 
from the beginning of the simulation period (1 October 2018) until the date of the respective snow 501 
depth survey. For example, the north exposed edge has a relatively high sky-view fraction, but had 502 
only received a small amount of direct shortwave radiation by April 17. The use of sky-view 503 
fraction as a proxy for shortwave radiation transmissivity by the original FSM2 likely led to the 504 
overestimation of solar radiation input to the snow surface at this site. In contrast, direct irradiance 505 
at the south-exposed forest edge continued to increase throughout the snow season (see image in 506 
February vs. April), leading to strong insolation, which was underestimated by the original FSM2 507 
through the use of sky-view fraction for approximating shortwave radiation transmissivity. In 508 
smaller within-stands gaps, however, the effect of detailed radiation patterns tended to average out 509 
in space and time, leading to small differences between the two model versions and a satisfactory 510 
performance of the original FSM2 despite its simplified treatment of canopy shortwave radiation 511 
transmission.  512 
 513 
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Figure 10: Simulated (enhanced FSM2) and observed snow distribution patterns at the Sodankylä grid on 514 
30 April 2019, with hemispherical images representing characteristic, contrasting locations within the site 515 
and the respective solar tracks for the entire season (1 October to 31 May). 516 
The interplay between short- and longwave irradiance was reflected in measured snow 517 
depth distribution across the large discontinuity at the Sodankylä grid (Figure 10). Earliest melt-518 
out was observed at points located under-canopy along the south-exposed canopy edge, which 519 
received both high amounts of direct insolation and strong longwave radiation enhancement 520 
(location 1 in Figure 10). At the center of the gap, direct insolation was comparably high, but 521 
longwave radiation enhancement was weaker due to a larger sky-view fraction, resulting in longer 522 
snow persistence (location 2). The north-exposed edge of the gap corresponds to an irradiance 523 
minimum, with comparably high sky-view fraction and predominantly shaded conditions, 524 
coinciding with snow depth maxima during ablation (location 3). At many under-canopy locations, 525 
differences in direct insolation and sky-view fraction often counterbalanced each other, yielding 526 
similar snow depths (locations 4 and 5). The simplified radiation parametrisations in the original 527 
FSM2 mean the model could not reproduce the observed distributions patterns across the site. 528 
Additionally, the original model simulated a much earlier melt out, and the site was largely snow 529 
free by April 30 (model output not shown). In contrast, the enhanced FSM2 performed well in 530 
representing snow depth distributions compared to observations across the site, and more 531 
accurately estimated the timing of snow free conditions compared to the original model.  532 
While differences in the spatial patterns simulated by the two FSM version could be 533 
attributed to the new radiation transfer scheme, discrepancies in the overall melt-out timing were 534 
largely due to turbulent exchange. In the two-week period preceding the onset of melt-out, both 535 
models simulated equal average net shortwave radiation (15W/m2), and similar net longwave 536 
radiation (-21W/m2 vs -17.5W/m2 in the original vs enhanced FSM2 vs), but differences in 537 
turbulent fluxes were considerably larger (16W/m2 vs. 4 W/m2). Detailed consideration of net 538 
snowpack fluxes is beyond the scope of this study due to the lack of appropriate validation data, 539 
but the Supporting Information includes a figure showing spatial distributions of the simulated net 540 
fluxes (Section S4, Figure S7).   541 
5. Discussion 542 
Local canopy structure strongly modifies energy fluxes to the sub-canopy snow pack, 543 
resulting in the pronounced small-scale variability in snow cover energetics demonstrated here. 544 
The scale mismatch between physical processes, representativeness of point observations and 545 
target model resolution generally entails challenges for model development and evaluation 546 
(Bloeschl 1999, Clark et al. 2011a, Musselman et al. 2012). Our work has addressed these issues 547 
by 1) generating spatially and temporally resolved datasets of sub-canopy meteorological variables 548 
that allow model evaluation at the level of individual fluxes, with consideration of their spatio-549 
temporal variability and interactions, and 2) offering a canopy structure representation that 550 
accurately captures the observed spatial heterogeneity of sub-canopy conditions affecting energy 551 
exchange and resulting snowmelt patterns.  552 
5.1 New insights from a multi-dimensional, multi-sensor approach  553 
Improved observational systems and resulting datasets constitute the key novelty of our 554 
model evaluation approach. Malle et al. (2019) and Mazzotti et al. (2019b) already demonstrated 555 
the utility of these mobile systems for generating spatially and temporally resolved radiation data 556 
to complement earlier studies (Lawler and Link 2011, Sicart 2004). In the context of this work, 557 
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additional benefits arise from combining observations of irradiance with the acquisition of air and 558 
snow surface temperature data. Observing the spatial variability of sub-canopy irradiance has 559 
generally been prioritized in forest snow research (Essery et al. 2008b, Link et al. 2004, Malle et 560 
al. 2019, Mazzotti et al. 2019b, Musselman et al. 2015, Pomeroy et al. 2008, Webster et al. 2016a), 561 
but measurements of within-stand air and snow surface temperatures are much rarer and usually 562 
obtained by stationary devices (Conway et al. 2018, Molotch et al. 2007, Roth and Nolin 2017, 563 
Webster et al. 2017). Our mobile observational systems allow for the simultaneous acquisition of 564 
all these variables, providing experimental evidence of their spatial patterns and, particularly, of 565 
their interplay. 566 
To our knowledge, this is the first study to present such an extensive dataset of spatially 567 
resolved data of this type, and to use such data to evaluate the coupling of a 1-layer canopy 568 
representation to an energy balance snow model. This approach yielded insights about the 569 
performance of such a coupled model system at the level of individual fluxes in a spatially explicit 570 
manner. Earlier studies have been limited to either validation measurements at single point 571 
locations (Andreadis et al. 2009, Gouttevin et al. 2015, Mahat et al. 2013) or snow depth data 572 
(Broxton et al. 2015, Mazzotti et al. 2020) and were therefore unable to resolve individual processes 573 
and potential interactions between these. The simultaneous evaluation of multiple meteorological 574 
variables and snow states is generally beneficial, as it allows potential equifinality issues to be 575 
investigated (Beven, 2006; Clark et al., 2011b). In a coupled model system, this evaluation is 576 
particularly important due to feedbacks between energy exchange processes, yet it had not 577 
previously been possible in a spatially resolved manner. With the data available for this study, we 578 
were able to show that a modified treatment of shortwave radiation transmission through the 579 
canopy affects other state variables and fluxes as well. In particular, the more accurate 580 
representation of shortwave irradiance patterns resulted in improved simulations of snow surface 581 
temperature distribution, implying that the new canopy representation successfully captures a 582 
crucial boundary condition for snowmelt patterns.  583 
5.2 Improved representation of canopy structure impacts on sub-canopy conditions 584 
Based on our observations, a canopy structure implementation intended for hyper-585 
resolution applications should aim at reproducing the pronounced spatial variability of sub-canopy 586 
irradiances. At the same time, it should ensure that within-stand wind and canopy air space 587 
temperature conditions remain rather homogeneous in space. This study revealed issues related to 588 
both these aspects within the original FSM2, and demonstrated how they could be overcome with 589 
approaches implemented in the enhanced FSM2.     590 
Sub-canopy shortwave irradiance patterns are dictated by the position of the sun relative 591 
to the canopy geometry and therefore highly dynamic in space and time (Hardy et al. 2004, Link 592 
et al. 2004, Malle et al. 2019). In a study conducted in a forested basin in the Sierra Nevada, CA, 593 
Musselman et al. (2012) demonstrated that point-scale forest snow simulations at 24 snow depth 594 
sensor locations could be improved by constraining the incoming solar radiation to the snow 595 
surface with time series of direct-beam transmissivity. Our work confirms their findings and 596 
furthers their approach: To this end, we integrated time-varying canopy transmissivity for 597 
shortwave radiation into the full radiative transfer scheme of the enhanced FSM2 and applied the 598 
model in a spatially distributed manned over a wider range of canopy structures and geographic 599 
settings. The method proposed here constitutes an efficient way to account for complex radiation 600 
dynamics without compromising model simplicity. Obtaining transmissivity times series offline 601 
with an external RTM means the computational efficiency of FSM2 is maintained, which is 602 
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particularly advantageous for operational applications. In such a setting, RTM calculations can be 603 
obtained in advance, and even transferred between years if canopy structure remain stable. Any 604 
other existing parametrization of temporally variable transmissivity (Essery et al. 2008a, Li and 605 
Strahler 1995, Mahat and Tarboton 2012, Oleson et al. 2013) would require additional canopy 606 
parameter input to FSM2, which would ultimately hamper its efficiency and transferability.  607 
Our results demonstrate that consideration of detailed solar irradiance patterns is of major 608 
importance across forest discontinuities, i.e. forest edges and larger canopy gaps (Figure 10). Yet, 609 
they also suggest that in relatively homogeneous canopy environments, a constant shortwave 610 
radiation transmissivity (as used by the original FSM2) captures irradiance dynamics rather well 611 
when integrated both in space and time (Figure 3). This implies that simplified treatment of 612 
shortwave transmission through the canopy may be sufficient for coarser-scale applications where 613 
spatial heterogeneities tend to diminish, as well as for capturing melt-out timing in homogeneous 614 
stands. Likewise, rather static sub-canopy longwave irradiance patterns imply that spatial 615 
variations in longwave radiation enhancement are primarily driven by variability in sky-view 616 
fraction, while spatial heterogeneities in vegetation temperatures as found by Webster et al. (2016b) 617 
and Pomeroy et al. (2009) appear to be of secondary importance. Sky-view fraction is commonly 618 
used in point-scale models to weigh canopy and sky contributions to incoming longwave radiation 619 
(Essery et al. 2008b). As approaches to derive this metric from spatially distributed datasets 620 
(Moeser et al. 2014, Varhola and Coops 2013) exist, its use in distributed hyper-resolution models 621 
is feasible and encouraged. However, it must also be ensured that canopy surface temperatures are 622 
realistically represented. The coupling of canopy and snow energy balances in FSM2 entails 623 
vegetation temperature to be a state variable rather than a prescribed quantity, but both model 624 
versions succeed in capturing its dynamics reasonably well.  625 
Within-canopy wind speed and air temperature were considered here as driving boundary 626 
conditions for turbulent exchange. Measuring spatio-temporal patterns of these variables was 627 
challenging, but our observational data were sufficient to testify limited small-scale spatial 628 
variability which was uncorrelated with small-scale canopy metrics. Consequently, basing wind 629 
attenuation by the canopy on stand-scale parameters in the enhanced FSM2 enabled a more realistic 630 
representation of sub-canopy wind speed and air temperature conditions. Although it was not 631 
possible to assess wind scaling in the original FSM2, the modified treatment of wind attenuation 632 
in the enhanced FSM2 appears to mitigate artefacts in simulated canopy air space temperature 633 
identified in the original FSM2. Discrepancies in turbulent exchange simulated by the two versions 634 
of FSM2 had less obvious impacts on snowmelt spatial patterns than those caused by differences 635 
in irradiance, but substantially affected the overall melt-out timing (c.f. Section S4 and Figure S7 636 
in the Supporting Information). Turbulent fluxes to the sub-canopy snowpack are poorly studied, 637 
often parametrized based on simplistic assumptions, but also considered of minor importance as a 638 
result of low wind speeds (Conway et al. 2018, Marks et al. 2008, Roth and Nolin 2017). Yet, our 639 
results suggest that the representation of turbulent exchange considerably affects temperature 640 
regimes and thus deserves further attention to ensure these remain realistic. Future research should 641 
establish a more sound observational basis for evaluating sub-canopy turbulent fluxes.  642 
5.3 Remaining uncertainties in spatially distributed forest snow energy balance simulations 643 
Ultimately, net energy fluxes to the sub-canopy snowpack are not only controlled by 644 
canopy structure influences on sub-canopy meteorological conditions, but also by snow surface 645 
properties. Snow surface properties have also been shown to exhibit pronounced spatial variability 646 
in forests (Molotch et al. 2016, Musselman et al. 2008, Teich et al. 2019) and may act to enhance 647 
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or diminish snow depth gradients between canopy gaps and dense forest; Snow albedo, for instance, 648 
is a direct control of the net shortwave energy input to the snowpack. Experimental data to validate 649 
our suggested representation of sub-canopy snow albedo was not available, yet the sensitivity of 650 
melt-out date to individual model enhancements at the Sodankylä grid (Figure 11) suggests that 651 
the albedo parametrization has a comparably small impact. Compared to the enhanced FSM2, snow 652 
disappearance occurred on average 13 earlier when using the original FSM2 (left panel), but 653 
neglecting the correction of sub-canopy snow albedo delayed snow disappearance only by 3 days 654 
(right panel). Naturally, low-insolation environments exhibited the smallest sensitivity to the 655 
representation of sub-canopy snow albedo. A model run using the enhanced FSM2 without 656 
consideration of time-varying direct-beam transmissivity accelerated snow disappearance by 7 657 
days (center panel), indicating a stronger sensitivity of the model to the representation of canopy 658 
processes than to that of snow surface properties. Nevertheless, accounting for spatial differences 659 
in snow albedo helped achieving a more realistic spread in snow depth distribution across the site; 660 
spatially explicit validation data of sub-canopy snow albedo would therefore be informative for 661 
future hyper-resolution forest snow model development. The same holds true for spatially explicit 662 
data on latent and sensible heat fluxes. 663 
 664 
Figure 11: Difference in melt-out date between the enhanced FSM2 and three alternative FSM2 versions: 665 
1) the original FSM2 (left); 2) the enhanced FSM2 without consideration of time-varying transmissivity 666 
(centre), and 3) the enhanced FSM2 without sub-canopy snow albedo corrections. All values are computed 667 
as melt-out date simulated by each specific alternative model version minus melt-out date simulated by the 668 
enhanced FSM2.  669 
Follow-up efforts should further address the treatment of canopy snow. Besides mass 670 
balance processes such as interception and unloading, interactions between canopy snow and the 671 
sub-canopy energy balance should be explored. Potential impacts of multiple reflections, 672 
shortwave attenuation by and longwave emissions from canopy snow are largely unaccounted for 673 
in many forest snow models. Data to assess model uncertainties due to these processes were 674 
unavailable to us and are very difficult to obtain. Further uncertainties arise due to the use of snow 675 
depth distribution data rather than snow water equivalent for model verification, which is a 676 
common limitation of model studies relying on spatially distributed snow datasets (e.g. Currier and 677 
Lundquist 2018; Broxton et al. 2015). Ultimately, the performance of any hyper-resolution model 678 
is constrained by the absence of lateral coupling mechanisms, which means processes such as 679 
advection from hot stems and snow-free patches (Conway et al. 2018) as well as preferential 680 
deposition of snowfall and unloading of canopy snow (Sturm 1992) can only be represented 681 
Confidential manuscript submitted to Water Resources Research 
 
    
24 
conceptually. Implementing lateral mass and energy fluxes in distributed hyper-resolution forest 682 
snow models represents an exciting path forward, but would substantially increase model 683 
complexity and computational demands.    684 
5.4 Implications for future forest snow modelling applications 685 
While the FSM2 framework provided an ideal testbed for this study, presented concepts 686 
should easily be applicable to other snow models with a 1-layer canopy. In principle, insights from 687 
this study can inform approaches to adjust sub-canopy meteorological conditions even in models 688 
that do not couple the canopy and the snow energy balances, as those used by Link and Marks 689 
(1999), Förster et al. (2018), or Sun et al. (2018). In applications such as hydrological modelling, 690 
where snow distribution and melt patterns are of primary interest, these simpler modelling 691 
approaches may even be advantageous: They allow more flexibility in integrating process 692 
parametrizations that cannot be easily implemented in a coupled system, such as corrections of 693 
vegetation temperatures (e.g. Webster et al. 2017). In contrast, land surface modelling applications 694 
need to accurately capture the exchange between the surface layer (including both canopy and sub-695 
canopy snow) and the atmosphere aloft, which is why coupling of the canopy and of the snow 696 
energy balance is required. In these applications, multi-layer canopy modules (Gouttevin et al. 697 
2015; Pyles et al., 2000) seem particularly suitable as these can resolve vertical gradients in canopy 698 
properties, which allow for more accuate surface layer – atmophere coupling. But even in this case, 699 
concepts presented in this study should be applicable, even if the presence of multiple layers will 700 
require some adaptations. 701 
Furthermore, use of the externally-computed direct-beam transmissivity time series means 702 
the radiative transfer model used to obtain this model input can be freely chosen and optimally 703 
matched to the canopy structure data available for the model domain. While HPEval yielded 704 
excellent results for our study, its application limited to the locations of the hemispherical images. 705 
Approaches to extend calculation of sky-view fraction and time-varying transmissivity to other 706 
(e.g. lidar-based) datasets and larger areas are emerging (e.g. Musselman et al. 2013, Webster et 707 
al., 2020). These methods will allow the application of our approaches to fully-distributed spatial 708 
scales, and facilitate the transferability to areas with different canopy structure data available.  709 
Extension to continuous spatial scales entails potential benefits beyond snow distribution 710 
modelling: Accounting for time-varying transmissivity of direct irradiance can improve the 711 
representation of sun-lit and shaded snow surfaces, which have been shown to be important drivers 712 
of effective wintertime land surface albedo of forested environments (Webster and Jonas 2018). A 713 
model like FSM2, which includes these effects, can potentially advance the way this important 714 
process is represented in coarser-scale land surface models. Yet it should be acknowledged that 715 
integration of increasingly detailed canopy characteristics entails the need for regular updates of 716 
structural changes, e.g. due to vegetation growth or logging. Future research should explore model 717 
sensitivities to changes in vegetation structure, and collaborative efforts between the forest snow 718 
modelling and the vegetation remote sensing communities are indispensable.  719 
A hyper-resolution forest snow model like the enhanced FSM2 has important potential 720 
applications across a variety of spatial scales: At the stand scales, detailed snow distribution 721 
simulations provide valuable information for ecological modelling of biophysical processes 722 
affected by snow cover presence and duration (Jonas et al. 2008, Contosta et al. 2019). At the 723 
catchment scale, they can help assess the impacts of forest disturbances such as fires, management 724 
practices and bark beetle infestations, all of which are important issues of recent concern in many 725 
seasonally snow-covered forests across the Northern Hemisphere with uncertain hydrological 726 
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consequences (Goeking and Tarboton 2020). Disturbances usually create more and larger forest 727 
discontinuities, which is where we found the proposed model enhancements to yield the greatest 728 
benefits. At regional scales, hyper-resolution modeling is not feasible, but our work has 729 
implications for the development of upscaling strategies. In view of coarser-scale applications, 730 
results from this study suggest that wind attenuation should be sufficiently well represented by 731 
average canopy properties, while the representation of radiation for grid cells that contain 732 
discontinuous forest should be carefully considered. For this purpose, offline radiation modeling 733 
may be used in future research efforts to develop appropriate model coarsening strategies. We will 734 
explore how insights gained from the hyper-resolution approach presented in this study can be 735 
leveraged in coarser-scales applications in our future work.    736 
6. Conclusion 737 
For the first time, this study has combined hyper-resolution simulations, snow distribution 738 
observations and an extensive dataset of spatially resolved micro-meteorological data to evaluate 739 
a forest snow energy balance model at the level of individual energy balance components in a 740 
spatially explicit manner. The extensive dataset obtained with novel multi-sensor platforms 741 
captured the spatial variability of sub-canopy meteorological variables and facilitated assessment 742 
of their interactions. Process-level evaluation of two alternative versions of FSM2 revealed that a 743 
simple representation of radiative transfer assuming fully isotropic radiation (original FSM2) is 744 
sufficient to represent the irradiance regime and resulting snow distribution within homogeneous 745 
stands and during the accumulation period, but that accounting for directional radiation is important 746 
during ablation and at large discontinuities. We identified further shortcomings of the original 747 
FSM2 regarding the representation of turbulent exchange, with less obvious impacts on snow 748 
distribution patterns. Both shortcomings were addressed in the proposed model upgrades 749 
(enhanced FSM2), which comprised inclusion of detailed patterns of direct insolation and modified 750 
treatment of wind attenuation. With these enhancements, the observed spatio-temporal dynamics 751 
of meteorological and snow variables could be accurately reproduced at a large number of sites of 752 
varying canopy structure and climatic conditions. These results demonstrate the potential of hyper-753 
resolution modeling a) to realistically represent complex 3-dim forest-snow processes, b) to predict 754 
and understand hydrological implications of forest disturbances, and c) to inform model upscaling 755 
strategies. Approaches presented here are compatible with other snow models (even with other 756 
snow model types), and potentially transferable to other locations and larger areas as respective 757 
canopy structural data become available. We encourage continued research efforts to further 758 
improve hyper-resolution models, e.g. targeting the representation of canopy snow, a better vertical 759 
resolution of canopy properties and innovative observational approaches with regards to net 760 
snowpack fluxes.  761 
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Appendix 778 
Model features specific to the enhanced FSM2 as introduced in this study are detailed below. Note 779 
that we only outline new options added to the original FSM2 version presented in Mazzotti et al. 780 
(2020). For a comprehensive description of the original FSM2 canopy module, we refer to the 781 
appendix in their publication.  782 
Shortwave radiation transfer (model option SWPART = 2)  783 
Total incoming shortwave radiation (SW↓) is split into direct and diffuse components (SW↓b and 784 
SW↓d) using the partitioning scheme from Erbs et al. (1982), which is also used by Jonas et al. 785 
(2020). The diffuse fraction of total radiation is described in terms of the atmospheric 786 
transmissivity τa:  787 
SW↓d ∕ SW↓ ={
1 - 0.09 a                                                                    for a ≤ 0.22         
0.95 - 0.16 a + 4.39 2a - 16.64 3a + 12.34 4a   for 0.22 < a ≤ 0.8
0.165                                                                              for 0.8 < a           
 788 
with 789 
τa = SW↓ ∕ (I0 ∙ cos(θ)) 790 
where  is the solar zenith angle and I0 = 1367 Wm-2 is the solar constant.  791 
Transfer of diffuse and direct(-beam) shortwave radiation components (SW↓d and SW↓b) through 792 
the canopy is treated separately. As in the original FSM2, canopy transmissivity for diffuse 793 
shortwave radiation is given by the sky-view fraction, which accounts for both near and distant 794 
canopy elements:  795 
𝜏𝑑 = 𝑉𝐹  = (1 − 𝑓𝑣)𝑓𝑠𝑘𝑦 796 
where fv is local canopy cover fraction (CC5) and 1-fsky is the fraction of non-local canopy elements 797 
(see Mazzotti et al., (2020) for details). In the enhanced FSM2, transmissivity for direct solar 798 
radiation (𝜏𝑏) is provided as additional time-varying, point specific input.  799 
Net shortwave radiation absorbed by the ground (𝑆𝑊𝑔) and the local canopy elements (𝑆𝑊𝑣) thus 800 
are:  801 
𝑆𝑊𝑔 = (1 − 𝛼𝑔)(𝜏𝑏𝑆𝑊↓𝑏+𝜏𝑑𝑆𝑊↓𝑑) 802 
and 803 
𝑆𝑊𝑣 = (1 − 𝛼𝑐)𝑓𝑣𝑓𝑠𝑘𝑦𝑆𝑊↓𝑑+𝛼𝑔𝑓𝑣𝜏𝑑𝑆𝑊↓𝑑 + (1 − 𝛼𝑐 + 𝛼𝑔)𝑓𝑣𝜏𝑏𝑆𝑊↓𝑏 804 
where αc and αg are canopy and ground albedos. Absorption of direct shortwave radiation by the 805 
vegetation is taken to be proportional to direct-beam transmissivity and canopy cover fraction. This 806 
representation ensures strongest absorption at locations that receive most direct insolation, which 807 
is consistent with Webster et. al (2017), but it is only applicable to hyper-resolution, uncoupled 808 
simulations.  809 
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Turbulent exchange (model option SFEXCH = 2) 810 
Turbulent exchange in FSM2 is treated with a bulk aerodynamic scheme both in open-site and 811 
forest simulations, with sensible and latent heat fluxes are parametrized by first-order flux-gradient 812 
relationships, i.e.  813 
𝐻𝑔 =
𝜌𝑐𝑝
𝑟𝑔
(𝑇𝑔 − 𝑇𝑐) 814 
𝐸𝑔 =
𝜌
𝑟𝑔
[𝑄sat(𝑇𝑔) − 𝑄𝑐] 815 
for the exchange of sensible (Hg) and latent (Eg) heat between the canopy air space and the sub-816 
canopy. Tg and Tc are the temperatures of the ground (i.e. snow) surface and of the canopy air space, 817 
respectively, ρ and cp are air density and heat capacity, rg is aerodynamic resistance between the 818 
ground and the canopy air space, and Qc is canopy air space humidity (see Mazzotti et al. (2020) 819 
for details).  820 
Wind speed information is required to compute aerodynamic resistances. In the enhanced FSM2, 821 
a wind profile for dense canopies is defined as in Mahat et al. (2013), with logarithmic wind speed 822 
decay above the canopy, exponential reduction from the canopy top h to a level zsub below the 823 
canopy (set to 2m in this study), and again logarithmic attenuation between zsub and the ground. 824 
Exponential profiles in the canopy layer are commonly used in atmospheric boundary layer 825 
research (Choudhury and Monteith 1988, Finnigan 2000) and applied in both, snowmelt models 826 
and land surface schemes (Mahat et al. 2013, Bonan et al. 2018, Boone et al. 2017). Wind speed at 827 
height z is thus computed from atmospheric wind speed Ua measured at height zU as:   828 
U(z) = 
{
 
 
 
 𝑈𝑎 ln
𝑧−𝑑
𝑧0𝑣
[ln
𝑧𝑈−𝑑
𝑧0𝑣
]
−1
    𝑧 ≥ ℎ 
𝑈(ℎ)𝑒𝜂(𝑧 ℎ⁄ −1)                    𝑧𝑠𝑢𝑏  ≤ 𝑧 < ℎ
𝑈(𝑧𝑠𝑢𝑏) ln
𝑧
𝑧0𝑔
[ln
𝑧𝑠𝑢𝑏
𝑧0𝑔
]
−1
    𝑧 <  𝑧𝑠𝑢𝑏  
 829 
where h is stand-scale canopy height (mCH50), d = 0.67h is zero-plane displacement, 𝑧0𝑣 = 0.1h is 830 
vegetation roughness length, 𝜂 = 2.5 is a wind decay factor and z0g is the ground roughness length.   831 
For sparse canopies with stand-scale canopy cover fraction 𝑓𝑣𝑠  (= CC50), a wind profile (𝑈𝑠𝑐) is 832 
obtained as weighted average of the open-site logarithmic profile (𝑈𝑜𝑝𝑛) and the dense-canopy 833 
exponential profiles (𝑈𝑑𝑐): 834 
𝑈𝑠𝑐(𝑧) = 𝑓𝑣𝑠
0.5𝑈𝑆(𝑧) + (1 − 𝑓𝑣𝑠
0.5)𝑈𝑜𝑝𝑛(𝑧) 835 
For dense canopy, aerodynamic resistance between canopy air space (at canopy source 836 
height 𝑧𝑐) and the atmosphere is: 837 
𝑟𝑎,𝑑𝑐 = 𝐶𝑟 (
1
𝑘𝑢∗
ln
𝑧𝑇 − 𝑑
ℎ − 𝑑
+
ℎ[𝑒𝜂(1−(𝑑+𝑧0𝑣) ℎ⁄ ) − 1]
𝜂𝐾𝐻(ℎ)
) 838 
where Eddy diffusivity for heat KH is given by the Prandtl hypothesis above the canopy top and 839 
features an exponential decay within the canopy:  840 
𝐾𝐻(𝑧) = {
𝑘𝑢∗(ℎ − 𝑑)    𝑧 ≥ ℎ
𝐾𝐻(ℎ)𝑒
𝜂(𝑧 ℎ⁄ −1)     𝑧 < ℎ 
  841 
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The correction factor 𝐶𝑟  (range: 0.3 – 1) accounts for the fact that Eddy diffusivities have been 842 
observed to be up to three times larger than predicted by the above representation (Finnigan, 843 
2000). Indeed, we found that ensuring sufficiently low resistance (i.e. facilitating turbulent 844 
transfer) between the canopy air space and the atmosphere is necessary to avoid unrealistic 845 
canopy air space temperature conditions.  846 
Similar to wind speed, aerodynamic resistance is weighted for vegetation cover fraction as  847 
1
𝑟𝑎,𝑠𝑐
=
𝑓𝑣𝑠
0.5
𝑟𝑎,𝑑𝑐
  848 
Aerodynamic resistance between the canopy air space and the ground is parametrized using the 849 
sub-canopy wind speed at height zsub and neglecting atmospheric stability corrections:  850 
𝑧𝑔 =
1
𝑘2𝑈(𝑧𝑠𝑢𝑏)
ln (
𝑧𝑠𝑢𝑏
𝑧0𝑔
) ln (
𝑧𝑠𝑢𝑏
𝑧0ℎ
) 851 
Where k = 0.4 is the von Karman constant, and z0h = 0.1z0g is the roughness length for heat transfer 852 
from the ground.  853 
Snow albedo (model option ALBEDO = 2) 854 
Sub-canopy snow albedo is derived by adjusting open-site snow albedo. This simplified, 855 
conceptual treatment of sub-canopy snow albedo is meant to account for the following differences 856 
between open-site and sub-canopy conditions: 1) altered decay rates due to different rates of snow 857 
metamorphism; 2) generally lowered albedo due to the presence of litter.  858 
In this conceptual formulation, we suggest relating snow metamorphism to canopy radiative 859 
transfer properties (where more incoming radiation leads to faster sintering and hence a more rapid 860 
decay), and scaling litter effects with canopy cover fraction (where more canopy is associated with 861 
higher litter concentration).  862 
At every time step, the decay rate of sub-canopy snow albedo is obtained from the open-site value 863 
(tα,opn) as follows:  864 
𝑡𝛼,𝑠𝑐 = 
𝑡𝛼,𝑜𝑝𝑛
(1 − 𝜏𝑑)(1 + 𝑐𝐿𝜏𝑏) + 𝑐𝑆𝜏𝑏
 865 
This adjustment is applied to both, decay for cold and melting snow. cL and cS are proportionality 866 
factors used to tune the relative weights of longwave radiation enhancement and shortwave 867 
radiation transmissivity, which could differ depending on e.g. latitude (due to different absolute 868 
amounts of shortwave irradiance). We set cL = 2 and cS ~2-3 for our simulations.  869 
A correction factor is further applied to snow albedo resulting at each time step to obtain the final 870 
sub-canopy snow albedo value (𝛼𝑠𝑐) accounting for litter content:  871 
𝛼𝑠𝑐 = (1 − 0.1𝑓𝑣)𝑎𝑠𝑐,𝑟𝑎𝑤  872 
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